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ABSTRACT 
A full understanding of RNA-mediated biology would require the knowledge of 
three-dimensional (3D) structures, structural flexibility and stability of RNAs. To predict RNA 3D 
structures and stability, we have previously proposed a three-bead coarse-grained predictive model 
with implicit salt/solvent potentials. In this study, we will further develop the model by improving 
the implicit-salt electrostatic potential and involving a sequence-dependent coaxial stacking potential 
to enable the model to simulate RNA 3D structure folding in divalent/monovalent ion solutions. As 
compared with the experimental data, the present model can predict 3D structures of RNA hairpins 
with bulge/internal loops (<77nt) from their sequences at the corresponding experimental ion 
conditions with an overall improved accuracy, and the model also makes reliable predictions for the 
flexibility of RNA hairpins with bulge loops of different length at extensive divalent/monovalent ion 
conditions. In addition, the model successfully predicts the stability of RNA hairpins with various 
loops/stems in divalent/monovalent ion solutions.  
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I. INTRODUCTION 
In early years, RNA has been considered as an intermediary in transcription and translation (1). 
However, in the recent two decades, RNAs have been shown to perform other crucial functions such 
as catalyzing biological reactions and controlling gene expression (2,3). Understanding and utilizing 
the functions would require the comprehensive knowledge of RNA structures and dynamics (4-7). 
Although RNA sequences are being discovered rapidly, only limited RNA three-dimensional (3D) 
structures have been determined through experimental methods such as X-ray crystallography, 
nuclear magnetic resonance (NMR) spectroscopy and cryo-electron microscopy (4,8). 
Simultaneously, for high efficiency and low cost, some computational models have been developed 
for predicting 3D structures or thermodynamics of RNAs (8-18). 
Some models based on fragment assembly, sequence alignment and secondary structure are 
highly successful in predicting 3D structures for even large RNAs (19-39), e.g., MC-Fold/MC-Sym 
pipeline (30). However, these models are primarily designed to predict folded structures and would 
not give reliable predictions for the dynamic and thermodynamic properties of RNAs in three 
dimensions (16-18). Simultaneously, some other models have been developed aiming to predict RNA 
dynamics and thermodynamics. The Go-like coarse-grained (CG) model of TIS can predict folding 
thermodynamics for hairpins and pseudoknots (40,41). Another CG model of oxRNA can capture the 
thermodynamic and mechanical properties of RNA structures with pair-wise interaction potentials 
(42). But neither of the TIS and oxRNA could give reliable predictions for 3D structures of RNAs 
from the sequences (16,18). Although the three-bead CG model of iFoldRNA (43) and the 
six/seven-bead CG model of HiRE-RNA (16,44) can predict 3D structures of small RNAs including 
pseudoknots, the parameters of the two models may need further validation or adjustment for 
predicting thermodynamic and dynamic properties of RNAs (18,43,44). Furthermore, since RNAs 
are highly charged polyanionic polymers, RNA structures can be sensitive to ion conditions and 
temperature (15,45-53). However, none of the above models could predict 3D structures and 
thermodynamics of RNAs over a wide range of ion concentrations and temperature from the 
sequences (16-18). 
Very recently, to predict 3D structures and thermal stability of RNAs, we have developed a CG 
model with three beads placed on the existing atoms P, C4’ and N9 for the purine (or N1 for the 
pyrimidine) (18,54), respectively. Combined with an implicit-salt/solvent force field and the Monte 
Carlo (MC) simulated annealing algorithm, the model can not only predict native-like 3D structures 
of small RNAs from their sequences at a high salt (e.g., 1M NaCl), but also give reliable predictions 
on the stability for RNA hairpins over a wide range of sequences and monovalent ion concentrations 
as compared with extensive experimental data (54). However, compared with monovalent ions (e.g., 
Na
+
), divalent ions such as Mg
2+
 can play a more special role in the stability and dynamics of RNA 
structures (55-60). For example, Mg
2+
 is about 1000 times more efficient in inducing the tertiary 
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structures folding of Tetrahymena thermophila ribozyme (45,49). Although a recent structure-based 
model with an explicit treatment of Mg
2+
 and an implicit treatment of K
+
 can well capture the ion 
atmosphere around RNAs (61-63), there is still lack of a model for predicting 3D structures and 
stability for RNAs in divalent/monovalent ion solutions from the sequences. In the present work, we 
will further develop our previous model to enable it to predict the 3D structure and stability of RNAs 
in the presence of divalent ions. 
Additionally, the functions of RNAs may be not only related to the static 3D structures, but also 
influenced by the flexibility and stability of their structures (4-7,64-66). The flexibility of RNAs is 
rather important in the recognition with protein and in gene regulation (64-67). For example, the 
transactivator response element (TAR) for the transactivator (TAT) protein of the human 
immunodeficiency virus (HIV) can undergo large conformational changes through the small bulge 
during the binding of TAT proteins (66,67). Due to the polyanionic nature of RNAs, their flexibility 
would strongly depend on metal ions such as Mg
2+
 and loops (67-69). To examine the effects of 
metal ions (e.g., Mg
2+
) and loops on RNA flexibility, we will select HIV-1 TAR and HIV-2 TAR 
variants as two paradigms in the present work. In order to predict the 3D structures and flexibility of 
RNA hairpins with bulge loops such as HIV TAR variants in divalent/monovalent ion solutions, we 
will introduce a new implicit electrostatic potential and an indispensable coaxial stacking interaction 
between two helices at the junction in the present work. With the present model, we will predict the 
flexibility of HIV-1 TAR and HIV-2 TAR variants in divalent/monovalent ion solutions to 
understand the effects of salt and bulge loop. 
In this work, we will essentially develop the model to simulate RNA folding in 
divalent/monovalent ion solutions through improving the implicit-salt electrostatic potential and 
involving a parameterized coaxial stacking potential. Afterwards, we will firstly show the present CG 
model can predict 3D structures of RNAs with bulge/internal loops at given ionic conditions with 
higher accuracy. Secondly, the model will be employed to investigate the effects of 
divalent/monovalent salts and bulge length on the flexibility of HIV TAR variant RNAs. Finally, the 
model will be used to quantitatively examine the stability of various RNA hairpins in divalent ion 
solutions. Throughout the paper, all the predictions will be compared with the extensive experimental 
data. 
II. MODEL AND METHODS 
A. Coarse-grained structural model  
Since CG models generally allow considerable extension of the accessible size and time scale in 
simulations of biological systems (70-74), we have proposed a three-bead CG model for RNAs 
where three beads stand for phosphate, sugar and base, respectively (54). The backbone phosphate (P) 
bead and sugar (C) bead are placed respectively at P and C4’ atom positions, while the base (N) 
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beads are placed at N9 position for purine or N1 for pyrimidine; see Fig. 1. The P, C and N beads are 
treated as the spheres with van der Waals radii of 1.9 Å, 1.7 Å and 2.2 Å, respectively (54,75).  
B. Force field 
In our CG model, the implicit-solvent/salt force field includes eight energy potentials (54):  
 .           (1)
b a d exc bp bs el cs
U U U U U U U U U         
The function forms for the eight energy potentials are described detailly in Supporting Material, and 
in the following we only introduce them briefly except for the electrostatic interaction Uel and the 
coaxial stacking interaction Ucs. The first three terms in Eq. 1 are the bonded potentials for covalent 
bonds (Ub), bond angles (Ua), and dihedral angles (Ud), respectively. The bonded potentials whose 
function forms have been shown in Ref. 54, were initially parameterized by the statistical analysis on 
the available 3D structures of RNA molecules in Protein Data Bank (PDB, 
http://www.rcsb.org/pdb/home/home.do) (54,75-77). Since lots of native structures in PDB are 
mostly A-form helix, the statistical parameters from these structures would not be reasonable to 
describe the nature of RNA free chains (77). Therefore, for bonded potentials, two sets of parameters 
are calculated for single-strands/loops and stems, named as Paranonhelical and Parahelical, respectively; 
see Supporting Material and Ref. 54 for details. The former are used to describe the folding of an 
RNA from a free chain, and the latter are only used for stems during structure refinement after the 
folding process. The remaining terms of Eq. 1, namely the nonbonded potentials, describe various 
pairwise nonbonded interactions. The excluded volume Uexc between CG beads is modeled by a 
purely repulsive Lennard-Jones potential (54,75). Ubp in Eq. 1 is employed to capture base-pairing 
interaction between Watson-Crick (G-C, A-U) and wobble (G-U) base pairs (43,54,78-80). Ubs in Eq. 
1 is a temperature-dependent base-stacking potential which works between nearest-neighbor base 
pairs. The strength of Ubs was derived from the combined analysis of available sequence-dependent 
thermodynamic parameters (78-80) and the MC algorithm, and the details are shown in Ref. 54.  
The electrostatic interaction Uel in Eq. 1, which is a newly refined term for the effect of divalent 
ions, is taken into account with the combination of the Debye-Hückel (DH) approximation and the 
concept of counterion condensation (CC) (78,81-83): 
 
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The summation is over all the phosphate beads and rij is the distance between two phosphate beads i 
and j. ε0 is the permittivity of vacuum. ε(T) is an effective temperature-dependent dielectric constant 
(40,54,58). lD is the Debye length of ionic solution. Beyond our previous model (54), the effect of 
pure divalent ions and the competition between monovalent and divalent ions are also taken into 
account in the present model to study RNA folding in pure and mixed divalent ion solutions. Based 
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on the CC theory (83), for a pure salt solution containing only one species of salt such as NaCl or 
MgCl2, the reduced charge fraction Q could be written as Q = b/(vlB) (40,54), where v is the cation 
valence. b is the phosphate-phosphate spacing of an RNA and lB is the Bjerrum length (40,54). For a 
mixed Na
+
/Mg
2+
 ion solution, we assume
2Na Na Na Mg
(1 )Q f Q f Q      , where Naf  and Na(1 )f 
represent the contribution fractions from Na
+ 
and Mg
2+
, respectively. 
Na
f  can be approximately 
calculated by the empirical formula previously derived from the tightly bound ion (TBI) model 
which could account for the divalent ion-RNA interactions (15,60,84,85) 
2Na
[Na ]
.                     (3)
[Na ] [Mg ]x
f 

 


 
Here,    8.1 64.8 / 5.2 ln[Na ]x N     (15,60). [Na+] and [Mg2+] are the corresponding 
bulk concentrations in molar (M), and N is the chain length.  
Ucs in Eq. 1 is newly introduced to model the coaxial stacking interaction at RNA junctions 
(4,86,87), and the coaxial stacking interaction between two discontinuous neighbour helices with 
interfaced base-pairs i-j and k-l can be given by (86,87) 
2 2( )( )
- , -
- , -
1
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where Gi-j,k-l is the sequence-dependent base-stacking strength. Gi-j,k-l is approximately taken as the 
stacking strength between the corresponding nearest-neighbour base-pairs in an uninterrupted helix 
(79,86,87). rik (or rjl) is the distance between two interfaced bases i(j) and k(l) of two stems and a 
represents the extent of distance constraint. rcs is the optimum distance between two coaxially 
stacked stems. a and rcs are directly obtained from the statistical analysis on the known structures in 
PDB database (see Fig. S1 in Supporting Material). Here, we only include the cases that there is one 
base or less in at least one of the single-stranded chains between two neighbour helices (see Fig. S1 
in Supporting Material), since the noncanonical base pairs would be generally formed when there are 
more than one bases in each side between two stems (3-4,86). 
    The detailed descriptions of the potentials in Eq. 1 and all the parameters for the potentials have 
been described in Supporting Material; see also Ref. 54 for the building process of force field. 
C. Simulation algorithm 
We use the MC simulated annealing algorithm, which can effectively avoid the trap in local 
energy minima (34,54,88), to search near-native conformations for an RNA at a given solution 
condition. Based on a random chain generated for an RNA sequence, the MC simulated annealing 
algorithm is performed from an initial high temperature to the target temperature (e.g., 298K) at a 
fixed ion condition. In the folding process, the Paranonhelical of bonded parameters and the efficient 
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pivot moves for RNA chain as well as the standard Metropolis algorithm are used to sample 
conformations of a free RNA chain (54,75,78). With gradual cooling of the system, the initial 3D 
near-native structures would be folded at room temperature for RNAs.  
After the MC annealing process with the bonded parameters of Paranonhelical for the whole RNA 
chain, the secondary structure and native-like 3D structures are predicted from a given sequence. To 
better capture the geometry of helical parts, the further structure refinement is performed for higher 
accuracy of 3D structures as follows: based on the final 3D structure predicted by the preceding 
annealing process, another MC simulation (generally 1×10
6
 steps) is performed at the corresponding 
ion condition and room temperature, with the bonded parameters of Parahelical and Paranonhelical for the 
base-pairing regions (stems) and loops/single-strands, respectively (54). As a result, an ensemble of 
refined 3D structures (about eight thousand structures) would be obtained over the last ~8×10
5
 MC 
steps. The predicted 3D structures are evaluated by their RMSD’s calculated over C beads from the 
corresponding atoms C4’ in the native structure in PDB, though other parameters can also be used to 
evaluate the predicted structures such as the TM-score and the base interaction network fidelity 
(89,90). Since the present model generally predicts a series of native-like structures during 
refinement process, we will use mean RMSD (the averaged value over the whole structure ensemble 
in refinement process) and minimum RMSD (corresponds to the structure closest to the native one in 
refinement process) to evaluate the reliability of predictions on 3D structures (29,43,54). Although 
RNA hairpins are mostly A-form helix, since helical stems may deform from the standard A-form 
one (48) and the relative orientation between stems at a junction may change (67) upon ionic 
conditions, we still use the RMSD of the whole RNA including stem and loop to evaluate the 
performance of 3D structure prediction (89). 
III. RESULTS AND DISCUSSION 
In the following, we will employ the CG model to predict the 3D structures of 32 RNA hairpins 
most of which are with bulge/internal loops (≤77nt) at the respective experimental ion (Na+/Mg2+) 
conditions from their sequences. Afterwards, the CG model will be used to predict the flexibility and 
stability of RNA hairpins at extensive divalent/monovalent ion conditions. Our predictions will be 
compared with the extensive experiments. 
A. Predicting RNA 3D structures at the respective experimental ion conditions 
Beyond our previous work focused on predicting RNA structures at 1M NaCl (54), we will 
predict the 3D structure of 32 RNA hairpins most of which are with bulge/internal loops. The 3D 
structures of these RNAs have been determined by NMR method at certain ion conditions; see Table 
I. For each RNA, we will make two separate predictions using the present model at the experimental 
ion condition and its previous version at 1M NaCl (54), respectively. Table I summarizes the major 
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information of the RNA molecules, the corresponding experimental monovalent/divalent ion 
conditions and the predictions from our model and MC-Fold/MC-Sym pipeline (30). 
1. In monovalent solutions 
Firstly, we employ the present model to predict 3D structures for RNA hairpins (with 
bulge/internal loops) at the corresponding monovalent ionic conditions listed in their PDB files. For 
example, the structure of stem loop IIa (PDB code: 1u2a) is determined by NMR in the buffer 
including 10mM KH2PO4, 50mM KCl, 15mM NaCl and 0.5mM EDTA (91). We predict the 3D 
structures of the stem loop IIa from its sequence in the solution of 75mM monovalent salt. As shown 
in Table I, the mean RMSD of the predicted 3D structures is ~2.1 Å, which is obviously smaller than 
that (~2.6 Å) of the structures predicted by the previous version of our model at 1 M NaCl. For the 
28 tested RNA hairpins in the respective monovalent salt solutions, the overall mean RMSD between 
the structures predicted by the present model at the respective experimental monovalent ionic 
conditions and the experimental structures is 3.37 Å, a smaller value than that (3.66 Å) predicted by 
the previous version of the model at 1 M NaCl (54); see Table I.  
2. In divalent solutions 
In addition, one important feature of the present model is the combination between the CC theory 
and the results from the TBI model, and the present model can be employed to simulate RNA folding 
in mixed monovalent/divalent ion solutions. Four RNA hairpins with bulge/internal loops (PDB code: 
1yn2, 2l5z, 2aht and 1p5o) have been determined by NMR in solutions containing Mg
2+
 and the 
corresponding monovalent/divalent ion conditions are listed in Table I. The mean RMSDs for these 
RNAs predicted by the present model in the corresponding experimental mixed ion solutions are 4.1 
Å, 4.0 Å, 3.2 Å and 11.0 Å, respectively, which are apparently smaller than the values (4.3 Å, 4.6 Å, 
3.9 Å and 13.0 Å) predicted by our previous model regardless of salt effect and the coaxial stacking 
interactions (54).  
3. Salt vs coaxial stacking 
As shown in Table I, for the 32 hairpins, the present model can predict a visibly lower overall 
mean RMSD than our previous model (3.64 Å vs 4.02 Å; the P-value of <0.01 from the two-tailed 
Student’s t-test (12)), which suggests that the involvement of monovalent/divalent salt and coaxial 
stacking in the present model is effective for predicting RNA 3D structures in ion solutions. To 
clarify the contributions of the two improvements, we further perform two additional predictions for 
each hairpin using the present model with coaxial stacking at 1M NaCl and the present model 
without coaxial stacking at the experimental ion conditions, respectively. We find that the two 
improvements would both make positive contributions to the overall improved predictions and the 
involvement of salt effect has stronger contribution than that of coaxial stacking, as shown in Fig. S2 
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in Supporting Material. Due to the high charge density of RNA backbone, the native-like structures 
of hairpins could be slightly stretched at low salt (48), and the difference between conformations at 
low and high salts should not be ignored (see Fig. S2). Although the coaxial stacking potential would 
only have slight effect on hairpins with internal/bulge loops whose bases are stacking into neighbor 
helices (e.g., 1jur and 1lc6), it would be indispensable for the formation of coaxially stacked states 
which are common in RNAs with bulges (e.g., 2kuu and 1p5o), and in the HIV-1 and HIV-2 TAR 
variants; see the subsection of “flexibility of RNAs with bulges”. 
4. Comparisons with MC-Fold/MC-Sym pipeline 
The MC-Fold/MC-Sym pipeline is a web server (http://www.major.iric.ca/MC-Pipeline/) for 
RNA secondary and tertiary structure prediction (30). To test the present model, we also make 
comparisons with the MC-Fold/MC-Sym pipeline. The RMSDs of the top 1 structures predicted by 
the pipeline online server (option: return the best 100 secondary structures and model_limit = 1000 
or time_limit = 12 h) are calculated over C4’ atoms from the corresponding atoms in the 
experimental structures. As shown in Table I and Fig. 2, the overall predictions of 32 structures from 
the present model (overall mean RMSD = 3.64Å) appear visibly better than those from the 
MC-Fold/MC-Sym pipeline (overall mean RMSD = 4.12Å), which is also suggested by the P-value 
of <0.01 from the two-tailed Student’s t-test (12). Table I and Fig. 2 also show that the present model 
can give reliable prediction for relatively large RNAs (>45nt (54)). For the 48-nt and 68-nt RNAs 
(PDB codes: 2kuu and 2mqt), the present model gives much better predictions than those predicted 
by the MC-Fold/MC-Sym pipeline, while for the 77-nt RNA (PDB code: 1p5o), the two models give 
the similar predictions (see Table I and Fig. 2). This may be attributed to that the present model still 
ignores the possible noncanonical base pairs, which are abundant in the 77-nt RNA.  
B. Flexibility of RNAs with bulges 
RNAs are highly flexible biomolecules that can undergo dramatic conformational changes to 
fulfil their diverse functions, e.g., the structural reorganization of riboswitches or the hammerhead 
ribozyme (2,3). Generally, large conformational transitions of RNA structures are induced by the 
binding of ions, proteins or ligands (45-47,65-67). For example, HIV TAR RNAs, which can bind 
TAT protein through conformational changes in viral replication, have been the important paradigms 
for studying RNA dynamics (66,67). In the following, we will employ the present model to study the 
flexibility of HIV-1/HIV-2 TAR variants at different ion conditions and make comparisons with the 
experimental data. The sequences of the HIV TAR variants and their secondary structures predicted 
by the present model are shown in Fig. 3. HIV-1 TAR variant with a 3-nt bulge is used to examine 
the conformational changes at different ion conditions with the present model, and HIV-2 TAR 
variants with different length of polyU (polyA) bulges are used to study the conformational changes 
induced by various bulges. Our predictions are compared with the existing experiments for HIV-1 
9 
 
TAR variant at extensive Na
+
/Mg
2+
 concentrations and for HIV-2 TAR variant with various length 
bulges at 5mM [Na
+
] with/without 2mM [Mg
2+
], respectively (67,68). 
1. Bending versus monovalent/divalent salts 
Recent studies have shown that RNA flexibility is strongly coupled to its ion condition 
(45-47,67-69,75,92). As Casiano-Negroni et al have experimentally measured, the bending angle at 
the junction of bulge is strongly dependent on salt (67). Here, we use the present model to evaluate 
the bending at the bulge junction of the HIV-1 TAR variant (see Fig. 3) over a broad range of [Na
+
] 
as well as [Mg
2+
]. As shown in Figs. 4a and 4b, the inter-helical bend angle at the junction of bulge 
decreases apparently with the increase of [Na
+
] (and [Mg
2+
]), and our predictions agree well with the 
corresponding experimental data (67). Such decrease of bending angle with the increase of 
[Na
+
]/[Mg
2+
] is understandable. It comes from the competition between electrostatic repulsion which 
plays a dominate role at low salt and coaxial stacking interaction at the bulge which plays a dominate 
role at high salt. The comparison between Fig. 4a and Fig. 4b shows that Na
+
 and Mg
2+
 induce a 
similar structural transition from a bent state at low ion concentrations to a coaxially stacked state at 
high salt, while Mg
2+
 is much more efficient in inducing such structure transition due to the higher 
ionic charge (55-58).  
To further clarify the effect of coaxial stacking, we use the present model without coaxial 
stacking to predict the 3D structures for HIV-1 TAR variant at extensive Na
+
/Mg
2+
 concentrations. 
The comparison of inter-helical bend angles predicted by the present model with and without coaxial 
stacking indicates that the involvement of coaxial stacking can effectively capture the coaxially 
stacked conformations closer to the experiments especially at high salt (67), as shown in Fig. S3 in 
Supporting Material.  
2. Bending versus bulge length 
Zacharias and Hagerman have experimentally measured the bending angle for long RNA 
helices induced by bulges of various length (n=1 to 6) and base composition (An and Un series) (68). 
For simplicity, we predict the 3D structures of HIV-2 TAR variant (see Fig. 3) with different bulge 
length at 5mM NaPO4 in the absence/presence of 2mM Mg
2+
 to study the bulge-induced bending of 
RNAs. As shown in Figs. 5a and 5b, the bend angle at the bulge increases with the increase of the 
number of nucleotides in the bulge, which is in good accordance with the experimental data for the 
bulge of Un (68). As shown in Fig. 5a, the severe inter-helical bending and its sharp increase for 
longer bulge come from the more extended structures with larger end-to-end distance for longer 
bulges and the strong electrostatic repulsion between helices which can offset the interhelical 
stacking interactions at low salt concentrations. Higher salt (2mM Mg
2+
) would reduce the 
electrostatic repulsion more strongly, and thus would promote the interhelical stacking and reduce 
the bending angles; see Fig. 5b. However, as shown in Figs. 5a and 5b, the predictions on bending 
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angle are apparently smaller than the experimental data for HIV-2 TAR variant with An bulge. This 
is because polyU behaves like a random coil, while polyA would exhibit strong intra-chain 
self-stacking (69) which is not accounted for in the present model. Such self-stacking would enhance 
the rigidity of single-stranded chain and consequently cause the large bending angle at the bulge.  
Recently, Mustoe et al have also developed a CG model of TOPRNA, which treats RNAs as 
collections of semirigid helices linked by freely rotatable single strands (74). The model could nearly 
reproduce experimental bending angles of HIV-2 TAR with more than 2 nt bulges at low salt 
concentrations, while it did not give reliable predictions for HIV-2 TAR with polyU bulge at high 
salt as well as HIV-2 TAR with 1 nt bulge, possibly due to the ignorance of salt effect/coaxial 
stacking and the overestimate of bulge rigidity for polyU (74). 
3. Charactering global structural fluctuation 
The global size of an RNA can be characterized by its radius of gyration Rg, the fluctuation of 
which can properly reflect the RNA structural flexibility (64,93). Based on the conformational 
ensemble of an RNA, we have calculated the variance 2
R
 of Rg by
2 2( )
R g g
R R   ; see Fig. S4 and 
Fig. S5 in Supporting Material, as well as the mean RMSD from the time-averaged reference 
structure. As shown in Figs. 4c and 4d, 2
R
 and RMSD of the HIV-1 TAR variant increase with the 
increase of salt concentration, and such increase becomes saturated at high salts. This is because that 
the higher salt can reduce the electrostatic repulsion in the RNA and would favor the conformational 
fluctuation. At high salts, the coaxial stacking between the two stems can be formed and 
consequently 2
R
 (and RMSD) becomes saturated. Furthermore, as shown in Figs. 5c and 5d, 2
R
 (and 
RMSD) of the HIV-2 TAR variant increases for longer bulge length in 5mM NaPO4 solution in the 
absence/presence of Mg
2+
. This is because RNA single-stranded loops are distinctively more flexible 
than duplexes (69,75,93). 
4. Charactering local structural fluctuation 
Furthermore, we have calculated the root-mean-square-fluctuation (RMSF) of backbone beads 
to analyze the local flexibility along an RNA chain (64). The RMSF for the i-th C-bead is calculated 
as: 
 
2
0( ) ,                     (5)
i i i
t
SF tRM  r r  
where
t
means the average over time t. ri(t) is the position of the i-th C-bead at time t, and ri
0
 is 
the time-averaged reference position of the i-th C-bead. 
Fig. 6 shows the RMSF of each C-bead of HIV-1 TAR variant at 1M NaCl. The nucleotides near 
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the 5’ and 3’ ends exhibit stronger conformational fluctuations, since the terminal base pairs have 
less spatial constraints (93). As shown in Fig. 6 and Fig. 7, the bulge and hairpin loops are more 
flexible than the stems, which comes from the significantly higher flexibility of unpaired 
single-stranded chains, since the previous theoretical and experimental studies have suggested that 
the persistence length of stem is ~60 times higher than that of single-strand chain (64-69,75,93). 
When the length of bulges increases from 1 to 8, the fluctuations of nucleotides especially at the 
bulge are apparently enhanced; see Fig. 7. This is because longer bulge has higher flexibility and 
naturally causes the higher flexibility of the whole RNA. Additionally, Fig. 7 shows that the addition 
of Mg
2+
 could increase the local flexibility of RNAs, especially for HIV-2 TAR variant with longer 
bulge. For the RNAs with small bulges, the salt effect on local flexibility would not be very obvious; 
see also Fig. S6. It is reasonable since the addition of Mg
2+
 would bring the strong electrostatic 
screening and consequently increase the flexibility of RNAs, especially at bulges. But for RNAs with 
small bulges (≤ ~3nt), the coaxial stacking would be formed between two stems and the addition of 
Mg
2+
 would only have slight effect on their flexibility. 
C. RNA hairpin stability in divalent ion solutions 
RNA folded structure is stabilized by the interplay of diverse interactions such as base 
pairing/stacking and electrostatic interactions. RNA stability at high salt concentrations (e.g., 1M 
NaCl) can be predicted with a relatively simple nearest-neighbor model (79,80). However, the 
nearest-neighbor model cannot predict the 3D structure of RNAs at an arbitrary temperature, and 
cannot predict RNA stability at ionic conditions departing from 1M NaCl. However, due to the 
polyanionic nature, RNA stability is very sensitive to the ionic condition (55-58,94-99), and Mg
2+
 
ions are particularly efficient in stabilizing RNA tertiary structure (55-57). To address the effect of 
Mg
2+
 in RNA stability, we will employ the present model to study the stability of various RNA 
hairpins in divalent and mixed divalent/monovalent ion solutions. Generally, a hairpin is either in 
folded state at low T, or in unfolded state at high T, or in bistability at middle T around the melting 
temperature Tm (50-52,54). Based on the equilibrium value of the number of base pairs at each 
temperature T, to obtain the Tm of a hairpin, the fraction of denatured base pairs f(T) can be 
calculated and fitted to a two-state model (54,79),  
( )/
1
( ) 1 ,                    (6)
1 mT T dT
f T
e 
 

 
where dT is an adjustable parameter (54). 
1. In pure divalent solutions 
Recently, the loop-size dependence of the stability of an RNA hairpin (denoted as R0) has been 
experimentally investigated in 2.5mM [Mg
2+
] (94). Fig. 8a shows the sequences of hairpins R0 as 
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well as the secondary structures predicted by the present model. Fig. 8a also shows the predicted Tm 
for R0 in 2.5mM [Mg
2+
] as a function of the loop size (m=4~34 nt), which is in good accordance 
with experimental data (94). Due to the larger conformational entropy for longer loop, the hairpin 
stability would decrease when the hairpin loop becomes longer. In addition, we have studied the 
stability of hairpins with the same loop while with different stems in 0.7mM Mg
2+
 solutions. 
Hairpins R1~R4 are four similar RNAs, whose stems are slightly different in length or sequence; see 
Fig. 8b. As shown in Fig. 8b, Tm’s of four hairpins predicted by the present model at 0.7mM MgCl2 
are in good agreement with the experimental data (95). The addition of G-C or C-G base-pair (from 
R1 to R2 and then to R3) can dramatically stabilize the RNA hairpins due to the strong base 
pairing/stacking interactions. The difference between Tm’s of R3 and R4 indicates that RNA stability 
is sensitive to sequence-dependent base pairing/stacking. The good agreement between our 
predictions and the experiments (94,95) suggests that the present model can well describe the folding 
stability of small RNAs in pure Mg
2+
 solutions. 
2. In mixed divalent/monovalent solutions 
With the present model, we have also examined the stability of RNA hairpins R5 and R6 in 
mixed K
+
/Mg
2+
 solutions, and the secondary structures for R5 and R6 predicted by the present model 
are shown in Figs. 8c and 8d. As shown in Figs. 8c and 8d for Tm’s of R5 and R6 at a fixed [K
+
] 
(100mM), in addition to the general trend of increased stability for higher [Mg
2+
], the competition 
between K
+
 and Mg
2+
 also leads to the following behavior of RNA stability. At low [Mg
2+
] 
(≤0.1mM), the stability of RNAs is dominated by (~100mM) K+ and the Tm’s are close to that at pure 
corresponding [K
+
]. As [Mg
2+
] is increased, Mg
2+
 ions begin to play a role and the stability of RNAs 
begins to increase markedly due to the efficient role of Mg
2+
 in stabilizing RNAs. At very high 
[Mg
2+
], Mg
2+
 would become dominated and Tm becomes saturated (60). As shown in Figs. 8c and 8d, 
the agreements with experimental data (98,99) indicate that the combination of CC theory and the 
results from the TBI model could give good description for the competition between monovalent and 
divalent ions in stabilizing RNA hairpins, and the present model can give good predictions for the 
stability of RNA hairpins in mixed divalent/monovalent solutions.  
IV. CONCLUSIONS 
In this work, we have developed our CG model to predict 3D structures and structural properties 
of RNAs with bulge/internal loops in the presence of divalent and monovalent ions. The major 
extensions of our CG model include the improvement of the electrostatic potential to implicitly 
consider the effect of divalent ions and the inclusion of the coaxial stacking at two-way junction. The 
improved CG model has been employed to examine the effects of divalent/monovalent salt on the 3D 
structures, flexibility and stability of RNA hairpins with two-way junction. 
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Firstly, we have employed the present model to predict 3D structures for 32 RNAs (≤ 77nt) at 
their respective monovalent/divalent salt conditions in which the RNA structures have been 
experimentally determined by NMR method, and the overall mean RMSD of 3.64 Å between the 
predictions and the experimental structures is visibly smaller than those from predictions by the 
MC-Fold/MC-Sym pipeline and by the previous version of our model at 1M NaCl. Secondly, we 
have studied the flexibility of RNA hairpins with varying bulge loops at extensive [Na
+]’s and 
[Mg
2+]’s, and the predicted bending angles at bulge for HIV-1 and HIV-2 TAR variants are in good 
agreement with the available experimental data for different salt conditions as well as the different 
lengths of bulge loops. Thirdly, we have predicted the stability for RNA hairpins in divalent and 
mixed divalent/monovalent ion solutions, and the predictions agree well with the experimental data. 
Therefore, the present model can provide the ensemble of probable 3D structures at extensive 
divalent/monovalent ion conditions and can make reliable predictions on the structural properties 
such as flexibility and stability for small RNAs. 
Despite of the extensive agreement between our predictions and the experiments, the present 
model still involves some approximations and simplifications. First, in the present model, the effect 
of divalent and monovalent salts is implicitly accounted for by the combination of CC theory and 
TBI model. The good agreement with experimental data suggests that the combination of CC theory 
and TBI model can well capture the efficient role of divalent ions over monovalent ions, though the 
more extensive experimental validation for larger RNAs is still required. Also, the present model 
ignores the effect of specific ion binding, which might become important for large RNAs with 
complex structures (55-57). Of course, the more accurate treatment on salt is to explicitly consider 
the metal ions (75,97), which would bring huge computation cost. Very recently, Hayes et al have 
proposed a generalized Manning counterion condensation model in an alternative way to reproduce 
the ion atmosphere around RNAs through the explicit representation of Mg
2+
 and implicit treatment 
of K
+ 
(61-63). Second, the present CG model only considers the canonical Watson-Crick (C-G, A-U) 
and wobble G-U base pairing, and ignores the possible noncanonical base pairs due to the lack of the 
experimental thermodynamic parameters (79,80). The noncanonical base pairing can be involved in 
the present model with the corresponding thermodynamic parameters, which would further improve 
the accuracy of structure prediction for RNAs with loops (29,30). Third, although our model can 
predict 3D structures for RNAs beyond hairpins, e.g., small pseudoknots (Ref. 54), it is still with 
challenge for the model at the present version to accurately and efficiently predict 3D structures of 
large RNAs with complex structures. Nevertheless, we are currently extending the model to predict 
3D structures and stability for extensive RNA pseudoknots, and complex structures, while the 3D 
structure prediction for large RNAs from sequences may possibly require certain experimental 
constraints (34,39). Finally, the 3D structure predicted by the present model is at coarse-grained level, 
and consequently it is still required to develop the present model to reconstruct the all-atomistic 
structures based on the CG predictions. Nevertheless, the present model can be a reliable predictive 
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model for 3D structure ensemble of small RNAs in divalent/monovalent solutions and at arbitrary 
temperatures.  
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FIGURES AND TABLES 
 
 
 
FIGURE 1. (a) Our coarse-grained representation for one fragment of an RNA superposed on an 
all-atom representation. Namely, three beads are located at the atoms of phosphate (P), C4’ (C), and 
N1 for pyrimidine or N9 for purine (N), respectively. The structure is shown with the PyMol 
(http://www.pymol.org). (b) The schematic representation for base-pairing (dashed line) and 
base-stacking (dash-dotted line).  
 
 
 
FIGURE 2. (a) Comparison of the RMSDs of predicted RNA 3D structures between the 
present/previous version of our model and the MC-Fold/MC-Sym pipeline. For each of the 32 tested 
RNAs, we use the MC-Fold/MC-Sym pipeline online tool (http://www.major.iric.ca/MC-Fold/) (30) 
to test the accuracy of MC-Fold/MC-Sym and calculate the RMSD for the top 1 predicted structure 
over C4’ atom in the backbone. The RMSDs of structures predicted by the present model at the 
experimental ion conditions (see in Table I) and by its previous version (54) at 1M NaCl are 
calculated over C beads from the corresponding C4’ atoms in the native structures. 
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FIGURE 3. The sequences and the secondary structures predicted by the present model for HIV-1 
TAR variant with a 3-nt bulge and HIV-2 TAR variants with different length of polyU (polyA) bulges, 
which are used to study the flexibility of RNAs. 
 
 
 
FIGURE 4. (a, b) The experimental (Ref. 67) and predicted inter-helical bend angle as functions of 
[Na
+
] (a) and [Mg
2+
] (b) for HIV-1 TAR variant (see Fig. 3). The corresponding typical 3D structures 
predicted by the present model are shown with the PyMol (http://www.pymol.org). (c, d) The 
variances 2
R
 of radius of gyration and the RMSDs from time-averaged reference structures as 
functions of [Na
+
] (c) and [Mg
2+
] (d) for HIV-1 TAR variant (see Fig. 3). 
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FIGURE 5. (a, b) The experimental (Ref. 68) and predicted inter-helical bend angles as functions of 
bulge length at 5mM NaPO4 without (a) or with (b) 2mM Mg
2+
 for HIV-2 TAR variant (see Fig. 3). 
The corresponding typical 3D structures predicted by the present model are shown with the PyMol 
(http://www.pymol.org). (c, d) The variances 2
R
 of radius of gyration and the RMSDs from 
time-averaged reference structures as functions of bulge length at 5mM NaPO4 without (c) or with 
2mM Mg
2+
 (d) for HIV-2 TAR variant (see Fig. 3). 
 
 
 
FIGURE 6. The RMSF for C-beads along HIV-1 TAR variant (see Fig. 3) in 1M NaCl solution. The 
sequences of bulge and hairpin loops are in italics. 
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FIGURE 7. The RMSF for C-beads along HIV-2 TAR variant (see Fig. 3) with different bulge 
length at 5mM NaPO4 with/without 2mM Mg
2+
. The length n of bulge loop is 1 (a), 3 (b), 5 (c) and 8 
(d), respectively. 
 
 
 
FIGURE 8. (a) The experimental (Ref. 94) and predicted melting temperature as functions of length 
of hairpin loop for RNA hairpin R0 at 2.5mM [Mg
2+
]. (b) The experimental (Ref. 95) and predicted 
melting temperatures of four RNA hairpins with different stems at 0.7mM [Mg
2+
]. (c, d) The 
experimental (Ref. 98 and Ref. 99) and predicted melting temperature Tm’s as functions of [Mg
2+
] for 
two RNA hairpins R5 (c) and R6 (d) in the presence of 0.1 M [K
+
]. The sequences and the secondary 
structures predicted by the present model are also shown in (a), (b), (c) and (d).  
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Table I. The 32 RNA molecules for 3D structure prediction in this work. 
RNAs PDB
a
 Length 
(nt) 
Type
 d
 [1+/2+]
e
 
(mM) 
RMSDpred.
f
 (Å) 
(mean/minimum) 
RMSD
0
pred.
g
 
(Å) 
RMSDMC-Sym
h
 
(Å) 
1 2y95
b
 14 H 100/0 2.0/1.0 2.2 2 
2 2lp9
 b
 16 B 65/0 2.6/1.1 2.7 2.8 
3 1j4y
 b
 17 H 20/0 3.9/1.9 4 4.6 
4 1yn2
 b
 17 H 55/40 4.1/2.3 4.3 2.9 
5 1z30
 b
 18 H 50/0 1.7/0.9 1.9 2.6 
6 1u2a
c
 20 H 75/0 2.1/1.1 2.6 3 
7 1qwa
 b
 21 B 5/0 2.8/1.5 3 4.6 
8 1d0u
 b
 21 B 50/0 3.8/1.5 3.7 3.7 
9 17ra
c
 21 B 20/0 3.7/1.3 4 4.9 
10 1jur
 b
 22 B 100/0 2.9/1.5 2.9 3.4 
11 1osw
 b
 22 I 25/0 3.7/1.5 4 4 
12 2ro2
 b
 23 H 12.4/0 2.8/1.4 2.9 2.6 
13 1bgz
c
 23 B&I 20/0 3.4/2.1 4.6 4.8 
14 1s34
 b
 23 B 35/0 3.5/1.7 4 2 
15 1lc6
 b
 24 I 50/0 3.7/2.0 4.1 5.7 
16 2kez
 b
 24 I 50/0 3.4/1.5 3.6 2.9 
17 1m82
 b
 25 B 20/0 2.1/1.2 2.4 2.2 
18 2l5z
 b
 26 I 50/5 4.0/2.6 4.6 5.2 
19 2aht
 b
 27 B 100/6 3.2/1.3 3.9 3.8 
20 1f6x
 b
 27 B 100/0 2.8/1.5 2.9 2.7 
21 1xsh
 b
 27 B 100/0 3.4/1.7 3.6 2.9 
22 1nbr
 b
 29 B 20/0 3.3/2.1 3.7 3.1 
23 2jwv
 b
 29 I 50/0 4.5/2.0 5 4.9 
24 1yne
 b
 31 B 10/0 2.6/1.3 2.7 3.9 
25 1jo7
 b
 31 B&I 10/0 4.0/2.3 4.6 4.9 
26 2lwk
 b
 32 B&I 50/0 3.9/1.7 4.2 3.3 
27 2jxv
 b
 33 I 20/0 3.2/1.9 3.9 4.9 
28 2kpv
 b
 34 B&I 20/0 4.1/1.9 4.3 4.1 
29 1zc5
 b
 41 B 10/0 3.5/1.8 3.4 5.9 
30 2kuu
 b
 48 B 20/0 4.5/2.3 5.1 5.5 
31 2mqt
 b
 68 B&I 10/0 6.4/3.8 6.8 7.1 
32 1p5o
 b
 77 B&I 100/5 11.0/8.7 13 10.8 
a
 The 3D structures of these RNA hairpins have been determined by NMR method at certain ion conditions. 
b, c
 The 
hairpins are experimentally determined after
b
 and before
c
 the year of 2000, respectively. 
d
 H, B, I, B&I represent 
RNA hairpins without bulge/internal loops (H), RNA hairpins with bulges (B), RNA hairpins with internal loops 
(I), and RNA hairpins with bulge and internal loops (B&I), respectively. 
e
 The salt conditions of solutions in which 
RNA structure have been experimentally determined. 
f 
The mean/minimum RMSDs are calculated over C beads of 
the structures predicted by the present model from the corresponding atoms C4’ of the native structures. 
g
 The mean 
RMSDs are calculated over C beads of structures predicted by our previous model at 1M NaCl from the 
corresponding atoms C4’ of the native structures. 
h
 The RMSD is calculated over the C4’ atoms of the top 1 
structure for each RNA predicted by the MC-Fold/MC-Sym pipeline (http://www.major.iric.ca/MC-Fold/) (30) 
from the native structure. 
 
